Immunochemical studies using polyclonal antisera prepared individually against highly purified cytosolic and chloroplast spinach leaf (Spinacia oleracea) fructose bisphosphate aldolases showed significant cross reaction between both forms of spinach aldolase and their heterologous antisera. The individual cross reactions were estimated to be approximately 50% in both cases under conditions of antibody saturation using a highly sensitive enzyme-linked immunosorbent assay. In contrast, the class I procaryotic aldolase from Mycobacterium smegmatis and the class 11 aldolase from yeast (Saccharomyces cerevisiae) did not cross-react with either type of antiserum. The 29 residue long amino-terminal amino acid sequences of the procaryotic M. smegmatis and the spinach chloroplast aldolases were determined. Comparisons of these sequences with those of other aldolases showed that the amino-terminal primary structure of the chloroplast aldolase is much more similar to the amino-terminal structures of class I cytosolic eucaryotic aldolases than it is to the corresponding region of the M. smegmatis enzyme, especially in that region which forms the first "beta sheet" in the secondary structure of the eucaryotic aldolases. Moreover, results of a systematic comparison of the amino acid compositions of a number of diverse eucaryotic and procaryotic fructose bisphosphate aldolases further suggest that the chloroplast aldolase belongs to the eucaryotic rather than the procaryotic "family" of class I aldolases.
One of the most striking distinctions between eucaryotic and procaryotic life forms is the complexity of their intracellular architectures. In contrast to procaryotes, most eucaryotic cells contain specialized membrane-limited intracellular organelles in which specific biochemical pathways are compartmentalized. For example, reactions of the Krebs cycle and those of the oxidative phosphorylation pathway occur in mitochondria while the "light" and "dark" reactions of photosynthesis take place within chloroplast organelles of photosynthetic eucaryotes. Many glycolytic enzymes in the leaves of higher plants exist as enzyme "pairs," one member of the pair residing in the cytosol and the other member sequestered within the chloroplast organelle (8, 26) . The regulation and 'This work was supported, in part, by Research Grant GM 23045 from the National Institutes of Health. structural features ofa number ofthese plant isoenzymes have been recently reviewed (21) .
We have been using the glycolytic enzyme fructose bisphosphate aldolase as a model for studies on protein evolution. Early studies by Anderson indicate that although the two forms of pea leaf aldolase differ somewhat in charge (4) and amino acid composition (1) , they possess very similar catalytic (4) and structural (2) properties. Results of genetic experiments have shown that the pea chloroplast aldolase is inherited in a Mendelian (nonmaternal) fashion (3, 28) , sug- gesting that this form of aldolase is coded for by a nuclear gene. Previous work by Kruger and Schnarrenberger (12, 22) and ourselves (14) showed that the cytosolic and chloroplast forms of spinach leaf aldolase exhibit similar specific catalytic activities and appear to possess functional carboxy-terminal structures. However, they are distinctive on the basis of charge, subunit molecular weight, thermal stability, amino acid composition, tryptic peptide patterns and immunological properties. Hence, the two spinach leaf enzymes are presumably the products of different structural genes.
All aldolases are further categorized as being either class I or class II enzymes depending on the mechanism they utilize for the cleavage of fructose bisphosphate to triose phosphates (19) , and the two classes of fructose bisphosphate aldolase are known to have a somewhat restricted phylogenetic distribution (19) . For example, all fructose bisphosphate aldolases of higher eukaryotes, including those of plant chloroplasts, are class I (Schiff's base) enzymes while, most procaryotic cells contain class II (metallo) aldolases. More recently, it has been demonstrated that some procaryotic organisms express a class I aldolase (6, 9) , which is often induced under nutritional conditions that require the synthesis of hexoses via the gluconeogenic pathway.
The present studies were undertaken to better clarify the structural relationships which may exist between the spinach (Spinacia oleracea) chloroplast aldolase and the procaryotic and eucaryotic forms ofclass I fructose bisphosphate aldolase. In this report, we present the results of immunological experiments, NH2-terminal amino acid sequence analysis and comparisons of the amino acid compositions of procaryotic and eucaryotic aldolases. Our findings suggest that the chloroplast aldolase is structurally much more similar to the class I eucaryotic aldolases than it is to the procaryotic class I en-zymes. The implications of these findings concerning the probable evolutionary origin of the chloroplast aldolase are discussed.
MATERIALS AND METHODS

Materials
Mycobacterium smegmatis (CDC 46) was grown on Youmans and Carlson medium as previously described (9) 
Purification of Fructose Bisphosphate Aldolases
The cytosolic and chloroplast forms of spinach leafaldolase were purified from fresh leaf tissue as previously described (14) . Purified preparations of both types of spinach aldolase were judged to be at least 95% pure as determined by electrophoretic analysis of enzyme preparations in SDS polyacrylamide slab gels followed by densitometric analysis of gels stained for protein with Coomassie blue.
The M. smegmatis class I aldolase was purified 150-fold from 100 g of bacteria by the method of Jayanthi Bai et al. (9) , with the following modifications. (a) Instead of using sonication, cells were mechanically disrupted at 4°C with glass beads in a Bead-Beater apparatus (Biospec Products, Bartlesville, OK) according to the manufacturer's instructions using three, 1 min pulses. (b) Two, instead of one, DEAE-cellulose chromatography steps were performed, the first on a Whatman DE-52 cellulose column (2 x 20 cm) equilibrated in 50 mM Tris-HCl, 1 mm 2-mercaptoethanol, 0.5 mm EDTA (pH 8.0). The column was developed with a 0 to 0.5 M NaCl gradient (400 ml total). The second DEAE step was performed on a 1.4 x 16 cm DE-52 column equilibrated in 10 mM Mes, 1 mm 2-mercaptoethanol, 0.5 mM EDTA (pH 6.0) and this column was developed with a 0 to 0.3 M NaCl gradient (200 mL total). (c) We omitted the gel filtration step of the original procedure. The M. smegmatis aldolase preparation obtained in this fashion contained a major 39 kD protein (presumed to be the aldolase subunit) plus several minor lower molecular mass (<35 kD) polypeptides as revealed by electrophoretic analysis. We positively identified the major 39 kD protein as the fructose bisphosphate aldolase subunit in the following way. An aliquot of the M. smegmatis aldolase preparation was subjected to cellulose polyacetate strip electrophoresis (see ref. 14) and briefly (<5 min) stained for aldolase activity in order to visualize the position of the aldolase band. This band (approximately 2 mm wide) was carefully excised from each of four identical strips and placed in a minimal volume ofSDS sample buffer. After soaking for 2 h, the entire mixture was heated at 100°C for 2 min and the resulting solution subjected to SDS gel electrophoresis. Only the 39 kD protein was present following this separation.
The class II (metallo) aldolase derived from yeast was purified about 10-fold by ammonium sulfate fractionation using a procedure similar to that originally described by Rutter and co-workers (20) . Yeast cakes were suspended in 50 mM 2-mercaptoethanol, 0.1 mm ZnSO4, 0.2 mM PMSF, and the cells were harvested by centrifugation at 10,000g for 10 min. After washing the cells two more times, the final cell paste was resuspended in two volumes of the same solution and the cells were disrupted in the "Bead-Beater" apparatus as above. After centrifugation at 1 5,000g for 20 min to remove particulate material, the supernate was adjusted to 80% ammonium sulfate saturation by the slow addition of the solid salt. After stirring for 1 h, precipitated proteins were collected by centrifugation and were discarded. The supernate was then adjusted to 95% saturation by addition of solid ammonium sulfate and, after stirring, this aldolase-enriched protein fraction was collected by centrifugation. The class II yeast aldolase represented about 50% of the total protein in this fraction as judged by electrophoretic analysis.
All aldolase preparations were stored at 4°C as precipitates in 95% saturated ammonium sulfate prepared in 10 mM Tris-HCI and 1 mM 2-mercaptoethanol (pH 7.6) until used.
Electrophoretic Procedures and Protein Determinations
Crude extracts and purified aldolase preparations were analyzed by SDS-PAGE in 9% polyacrylamide slab gels using the reagents and buffer system suggested by Laemmli (see ref. 14) . Gels were fixed in 10% (v/v) acetic acid, 45% (v/v) methanol and were then stained for protein with 0.2% (w/v) Coomassie blue R250 prepared in fixing solution. Gels were destained in fixing solution and densitometric analysis of stained gels was performed using the Zehneih "soft-laser" scanner. Protein determinations were performed by the method of Bradford (see ref. 14) , using BSA as the standard.
Immunological Methods
Mono-specific antisera were raised in rabbits against pure preparations of the chloroplast and cytosolic spinach leaf aldolases using native protein emulsified in Freund's adjuvant by the procedure recently described by us (14) . More than one rabbit was used for production of each type of antiserum and, after initial screening for specificity, antisera raised against each type of spinach aldolase were pooled separately and stored frozen in small aliquots.
The abilities of these antibody preparations to recognize aldolases from various sources was assessed on a qualitative basis by probing the enzymes, which were previously bound to nitrocellulose paper, using the procedure recommended by Bio-Rad Laboratories. Antigen-antibody complexes were visualized using the protein A-horseradish peroxidase conjugate followed by histochemical staining of the paper using the method and peroxidase color development reagent supplied by Bio-Rad.
Quantitative estimates of the degrees of immunological recognition of various aldolases by antisera directed against the two spinach aldolases were determined by quantitative ELISA as follows: Samples of aldolase preparations were diluted to 50 ng aldolase/ml in 50 mm sodium bicarbonate (pH 9.6) and these samples were incubated in wells (200 ,uL/ well) of microtiter plates overnight at 25°C. After washing to remove any unbound aldolase, remaining protein binding sites in the wells were saturated by blocking with a 0.1 % (w/ v) solution of BSA prepared in the same bicarbonate buffer; after the blocking step, wells of microtiter plates were washed with "antibody binding" buffer (20 mM NaPO4,150 mM NaCl [pH 7.4] Results of an electrophoretic analysis of the chloroplast and cytosolic aldolase preparations used in this study are shown in Figure 1 . The subunit molecular masses were estimated to be 38 kD and 40 kD, respectively, as previously described (14) . The two forms of aldolase did not cross-react in Ouch- (14) .
terlony double-diffusion tests (14) , a procedure which, however, only detects insoluble (precipitating) immune complexes. In contrast, some cross-reactivity between the two spinach aldolases was reported by Kruger and Schnarrenberger (12) using a more sensitive immunological technique. Consequently, we investigated in more detail the immunological relationships which may exist between the two spinach leaf aldolases and included the procaryotic class I aldolase derived from M. smegmatis and the prototypic class II yeast aldolase in these analyses for comparative purposes. We chose the M. smegmatis aldolase since, unlike other class I procaryotic aldolases, the M. smegmatis enzyme is similar to class I eucaryotic aldolases in terms of its subunit molecular mass (about 40 kD) and its tetrameric structure (9) .
As shown in Figure 2 , both spinach leaf aldolases tested positive in qualitative "dot blot" experiments when probed with antisera raised against pure preparations of the chloroplast and cytosolic aldolases. Figure 5 . When antiserum directed against the cytosolic aldolase was incubated with increasing amounts of pure cytosolic aldolase, the level of free antibody that could subsequently bind to either aldolase adsorbed onto microtiter wells was proportionately decreased. If specific antibody to the chiloroplast aldolase was present in this anticytosolic antiserum, then preincubation ofthe antiserum with cytosolic aldolase would have had no effect on the ability of the "chloroplast-specific" antibody (if present) to subsequently bind to the chloroplast aldolase on the microtiter plate, and no competition would have been observed. Thus, the cytosolic aldolase is capable of "neutralizing" antibody populations in the anticytosolic antiserum that recognize both the cytosolic and chloroplast forms of aldolase in a similar dose-dependent manner. Similar results were obtained in competition experiments in which antiserum raised against the chloroplast enzyme was preincubated with increasing amounts of pure chloroplast aldolase (data not shown). Results ofthese competition experiments show that the observed immunological cross-reactivity is due to the presence of a homologous antigenic determinant(s) on both the chloroplast and cytosolic aldolases.
Structural Similarities between the Cytosolic and Chloroplast Forms of Spinach Leaf Aldolase
It is known that some proteins can cross-react immunologically, even though they may be quite different in terms of their primary structures (11) . Consequently, we wanted to obtain structural data to supplement results of our comparative immunological analysis. We employed micro-amino acid sequencing techniques to determine the NH2-terminal sequences of the class I chloroplast and procaryotic M. smegmatis aldolases (a total of 29 residues each). Amino terminal sequence analysis of the cytosolic spinach aldolase was not feasible because, like other class I eucaryotic aldolases, it apparently has a "blocked" NH2 terminus (14) . We then compared the NH2-terminal sequences of the chloroplast and M. smegmatis aldolases with the full length sequences of eucaryotic class I aldolases obtained by a computer assisted search of the National Biomedical Research Foundation protein sequence databases; at present, there is no sequence information available on any class I procaryotic fructose bisphosphate aldolase in these databases. Sequence alignments of the various aldolases compared were performed using the Pearson Fast-P program (15) . In all cases, optimal alignment of the chloroplast and M. smegmatis aldolase sequences occurred within the NH2-terminal regions of the aldolase sequences extracted from the database (Fig. 6) . It is apparent that the NH2-terminal sequence of the chloroplast aldolase is much more similar to sequences near the NH2 terminus of the eucaryotic cytosolic aldolases (52% identity to the maize cytosolic aldolase) than it is to the NH2-terminal sequence of the M. smegmatis aldolase (13% identity). Particularily striking was the observation that the chloroplast aldolase contains a 10 amino acid long sequence which is very highly conserved in the class I cytosolic eucaryotic aldolases (see boxed region, Fig. 6 ). Only two differences were observed in this region; namely a functionally conservative lysine/ arginine difference at position 19 quence. Recent high resolution x-ray crystallographic analysis shows that the first beta sheet in the secondary structure of the prototypic class I rabbit muscle aldolase (24) is contained within this highly conserved region. Also, a 13 residue long alpha helical segment is known to precede the first beta sheet in the secondary structure of rabbit muscle aldolase (Fig. 6) Figure 6 , the cytosolic maize and trypanosome aldolases received the highest Z value ranking (both greater than 15) Figure 4 . Double reciprocal plots of the immunotitration data presented in Figure 3 . Linear regression analysis of the experimental data points was performed using the Enzpack computer software and an Apple 2E computer. Theoretical antibody saturation levels for each immunotitration curve were obtained from the inverse of the y-intercepts.
when compared to the chloroplast sequence. The enzyme from Trypanosoma brucei is known to be posttranslationally sequestered in a glycolytic organelle (5) and provides an interesting parallel to the chloroplast aldolase which is assumed to be posttranslationally processed as it is transported into the chloroplast organelle (14) . The muscle aldolases (type A, Fig. 6 ) form a group, with corresponding Z values of about seven, followed by the liver aldolases (type B, Fig. 6 20 min observed under conditions of antibody saturation. These maximum levels of antibody binding were obtained from doublereciprocal plots of ELISA data (see Fig. 4 ). Saturation levels are averages ±SD for four independent determinations. b Ratio of saturation levels (expressed as a percentage) of the potentially crossreacting protein relative to the protein used as the immunizing agent.
of less than 50, with the theoretical minimum value being zero for a comparison of identical proteins. Comparisons of amino acid compositions of proteins which are structurally unrelated generated SAQ values of greater than 100. Using this approach, very low SAQ values (less than 15) were observed when the amino acid composition of the chloroplast aldolase was compared with those of both the cytosolic spinach aldolase and the prototypic class I rabbit muscle aldolase. In contrast, we observed relatively high SAQ values (70-100) when the amino acid composition of the chloroplast aldolase was compared with those of the class I aldolases derived from diverse procaryotes including Staphylococcus aureus, Lactobacillus casei, Escherichia coli, and Micrococcus aerogenes. These latter, rather high SAQ values are similar to those observed when the amino acid composition of the chloroplast aldolase was compared with those of a number of structurally unrelated proteins, including two class II (metallo) aldolases (data not shown).
DISCUSSION
Results of the present studies suggest that the chloroplast form of spinach leaf fructose bisphosphate aldolase is structurally more related to the class I eucaryotic aldolases than it is to aldolases derived from procaryotic origin. This contention is based on our demonstration that: (a) approximately 50% of the populations of polyclonal antibodies in antiserum raised against the chloroplast aldolase recognized a homologous antigenic determinant(s) on the cytosolic enzyme (and vice versa) while neither type of antiserum recognized the procaryotic class I aldolase derived from M. smegmatis nor the class II (metallo) yeast aldolase; (b) The NH2-terminal amino acid sequence of the spinach chloroplast aldolase was found to be statistically much more similar to the NH2-terminal sequences of animal and plant cytosolic aldolases than it was to the NH2-terminal sequence of the procaryotic M. smegmatis class I enzyme, particularily in that region which corresponds to the first beta sheet in the secondary structure of rabbit muscle aldolase; (c) Results of systematic amino acid composition comparisons of diverse eucaryotic and procaryotic fructose bisphosphate aldolases indicated that the chloroplast enzyme is more closely related to the eucaryotic class I aldolases than it is to class I aldolases of procaryotic origin. Furthermore, the chloroplast aldolase, like other eucaryotic aldolases, possesses a carboxy-terminal structure which is essential for maximum catalytic activity (14) and is composed of four subunits (12) , characteristics which are not exhibited by most procaryotic class I aldolases. Collectively, these observations support the assignment of the chloroplast aldolase to the eucaryotic "family" of class I fructose bisphosphate aldolases.
We have recently demonstrated that a subpopulation of antibodies raised against the chloroplast aldolase also recognizes a homologous domain(s) in cytosolic aldolases derived from animals as well as plants (our unpublished observation) and that these homologous antibody sites consist predominantly of "linear" stretches of amino acids, rather than being constructed of three-dimensional "conformational" motifs which are characteristic of only the native form(s) of these proteins. That is, the immunological cross-reactivity observed between chloroplast and other eucaryotic aldolases is still evident after the enzymes are subjected to harsh denaturing conditions or after their primary structures are fragmented by Finally, results of the present work have important implications concerning the probable evolutionary origin of the chloroplast aldolase molecule. Two distinct models have been proposed to explain the origin of proteins which reside in the chloroplast and mitochondrial organelles of eucaryotic cells. The "autogenic" model (reviewed in ref. 18 ) speculates that these organellar proteins are encoded for by structural genes which were created in situ during evolution by duplication and modification of genetic information already present in the eucaryotic genome. In contrast, the popular "endosymbiotic" model (reviewed in ref. 26) proposes that these structural genes were originally derived from the genomes of procaryotic endosymbionts which long ago took up residence within primative eucaryotic cells. The case for an endosymbiotic origin of the chloroplast organelle is considered to be a strong one and in particular, results of comparative biochemical studies have revealed a potentially close relationship between chloroplasts and the procaryotic blue-green algae (cyanobacteria) (26) .
A common method for investigating the probable evolutionary origin of the chloroplast form of a particular chloroplast/cytosolic enzyme pair is to perform "three-way" structural comparisons between the two members of the plant enzyme pair and the corresponding enzyme derived from a suitable procaryotic organism. The rationale is as follows: if the chloroplast form ofthe enzyme pair arose by an endosymbiotic mechanism, it should be structurally more similar to the procaryotic enzyme while, if it arose by an autogenic mechanism, the chloroplast form should be structurally more similar to its cytosolic counterpart. Structural and/or functional comparisons of this sort have supported an endosymbiotic origin for a number of nuclear-encoded chloroplast enzymes including glyceraldehyde-3-phosphate dehydrogenase (23) , phosphoglucose isomerase, fructose 1,6-bisphosphatase and malate dehydrogenase (reviewed in ref. 27 ). However, using the same approach, the structural similarities we have found between the chloroplast and cytosolic forms of spinach leafaldolase are difficult to accomodate within the framework of the endosymbiotic model. In addition, it is important to note that the chloroplast contains a class I (Schiffs base) aldolase in contrast to the mechanistically, structurally and presumably evolutionarily distinct class II (metallo) aldolase ( 19) found in all photosynthetic procaryotes studied thus far, including the blue-green algae (1 9, 29) .
Our findings, plus the observed distribution of class I and class II aldolases in nature, seem to be more consistant with the notion that the chloroplast form of fructose bisphosphate aldolase was derived from an autogenic evolutionary origin. According to this model, it is proposed that the nuclearlocalized structural gene which codes for the chloroplast aldolase arose by the duplication and subsequent modification of an ancestral gene already present in the eucaryotic nucleus, an established mechanism for the creation of isoenzymes in a number of other systems (8) . Such a mechanism would not require the transfer of genetic information from the genome of a procaryotic endosymboint to the nuclear genome of the eucaryotic "host," a necessary complication of the endosymbiotic alternative. Comparative studies on the chloroplast and cytosolic forms of plant triose phosphate isomerase (13) 27 ) plus the mitochondrial and cytoplasmic forms of phenylalanyl-tRNA synthase (7) suggest an autogenic origin for the organellar forms of these enzymes as well. These findings, in conjunction with the results of the present work, raise the intriguing possibility that both endosymbiotic and autogenic mechanisms may have contributed to the creation of nuclear-localized structural genes which code for the organellar form of a particular protein pair.
